Abstract-To study the Charmonium spectrum and search for narrow exotic hadronic states, predicted by Quantum Chromo dynamics, the PANDA detector will be employed at the future decays. Due to the high annihilation rates, the EMC will be exposed to single-detector hit rates up to 500 kHz, which may lead to pulse overlap. Hence, to recover the energy and time information of the overlapping pulses, the pulse pile-up recovery method is developed. The method is easy to implement in FPGA for online data processing. The Constant Fraction Timing method is applied at the trailing edge to recover the time stamp of pile up pulses. The energy of pile-up pulses can be recovered up to time differences equal to the pulse rise-time.
I. INTRODUCTION
Quantum Chromodynamics (QCD), the fundamental theory of the strong interaction, provides a quantitative description of quark-gluon interactions at the short distance scale, i.e. in the perturbative regime. However, at the long-distance scale quark-gluon interactions have to be treated as a strongly coupled many-body system. In this non-perturbative regime a quantitative description of hadronic structure and interactions is still lacking. The PANDA experiment at the FAIR facility near Darmstadt, Germany, will study antiproton-proton annihi lations in order to test the validity of QCD at the long-distance scale. The experiment aims to search for predicted exotic hybrid states and glue-ball states [1] using high-resolution meson spectroscopy. In order to reconstruct hybrid and glue ball states from their multi-photon and charged particle final states, high resolution calorimetry is required. The PANDA Electromagnetic Calorimeter (EMC) [2] has been designed to provide high-resolution in a wide dynamic range and high rate capability. The EMC is subdivided into three different parts, namely the forward endcap, backward endcap, and barrel EMC. Each part will have its own readout electronics [3] adapted to the limitations imposed by space, power consump tion, and detector pulse rate.
In the PANDA experiment, anti-protons with momenta between 1.5 and 15 GeV/c will interact with either a pellet or a cluster-jet hydrogen target at annihilation rates up to 2 . 10 7 events/so Since PANDA is a fixed target experiment, Manuscript received November IS, 20 11. All authors are with the Kernfysisch Versneller Instituut (KVI), University of Groningen (RUG), Zernikelaan 25, 9747 AA, Groningen, The Netherlands (telephone: +31 (0) 50 363 3631, e-mail: g.j.tambave@rug.nl).
x-Axis hit rates up to 100 kHz are expected in the barrel EMC and 500 kHz in the forward endcap EMC. These high rates may lead to pulse overlap i.e. pile-up. The simulated hit rate distribution [2] for the forward endcap EMC is shown in fig. 1 . To deal with pile-up pulses various methods have been introduced and developed [4] . Since the data for the PANDA EMC will be processed on-line in FPGAs, we are developing a FPGA-friendly method which requires as little resources as possible. The energy and time extraction algorithms for normal hit rates have already been implemented in FPGA and tested successfully [5] .
The expected probability of pile-up is well above 1 % for the EMC and according to the PANDA EMC TDR [2], it is expected to be reduced to about 1 %. At hit rates of 500 kHz, the pile-up probability for the forward endcap EMC will be 12.9 % and by applying the proposed pile-up recovery method it is reduced to 1.5 %. The method was successfully tested for various combinations of amplitude ratios (pulse 1/ pulse 2). The energy of pile-up pulses can be recovered up to time differences equal to the pulse rise-time.
II. EX PERIMENTAL SETU P
The block diagram of the setup is shown in fig. 2 . The setup consists of a single 2 x 2 x 20 cm3 PbW04 (PWO) scintillating crystal kept at room temperature. A Large Area Avalanche Photodiode (LAAPD) photo sensor with gain of 200 was mounted on a 2 x 2 cm 2 face of the PWO crystal, and coupled to a LNP preamplifier [6] with four-stage analog shaper (dual gain, rise time 50 ns) feeding signals to a 16 bit 100 MHz Struck [7] Sampling ADC (SADC). Two LED light pulsers were used to generate double-pulses. The light pulse of one of the LEDs was delayed using a variable delay line in order to generate pulse pile-up. The light was guided using a bundle of optical fibers, shining light on the face of the PWO crystal opposite to the LAAPD. In this setup the PWO crystal works as waveguide. The LNP preamplifier converts the charge signal from the LAAPD to a voltage pulses with long exponential tail of 25 f.1,S. The LNP pulses were further shaped using a four-stage analog shaper, resulting into the pulse width of 280 ns. The analog shaper pulses were digitized using the SADC. Data were collected for various time differences � T ' by making a time scan of the delayed pulse over a time interval of 1 ns < � T ' < 600 ns for different pulse amplitudes. In addition, the reference time of the first (h) and the second (t2) pulses were recorded using the TDC. An example of a digitized pile-up pulse waveform for the time difference of 200 ns and the amplitude ratio of 2 (AdA2 = 246 mVJl21 mY) is shown in fig. 3 . Here, Al is the first and A2 is the second pulse amplitude.
III. RESULTS AND DISCUSSION

A. Energy recovery
If the pulse shape across the whole dynamic range is stable we expect a linear relation between the pulse ampli tude (A) and the pulse integral (I s i n gle): I s i n gle = k · A, pulses, calculated for the amplitude ratio 2. Two regions are defined by the time To (black dashed-line), with � T ' < To = 280 ns as pile-up pulse region and � T ' > To as separated-pulses region. Here, the amplitude shown on the vertical axis is found to be constant (horizontal straight line) and independent of the time difference. In the region below 50 ns the amplitude is not constant, since in this region both the pulses overlap completely and appear like a single pulse. In the pile-up region, the second pulse amplitude (blue data points) is recovered down to a time difference of 50 ns and the recovered amplitude is constant. The recovery of the second pulse amplitude is limited by the pulse rise time of 50 ns. The pile-up probability for the forward endcap EMC, estimated from a Poisson distribution function will be about 12.9 % for the pulse width of 300 ns. Since the pile-up pulse amplitude is recovered down to a time difference of 50 ns, the pile-up probability is reduced to 1.5 %, which is close to the PANDA EMC requirement of about I %. The projections onto the vertical axis of fig. 5 for � T ' > 50 ns are shown in fig. 6 (a) and (b). Fig. 6 (a) shows the projection over the time interval of � T ' > To = 280 ns, the region where pulses are well separated, to obtain the reference resolution for the second pulse. Fig. 6 (b) shows the projection over the time interval of 50 ns < � T ' < To, to obtain the amplitUde value and resolution, measured after the recovery procedure. A complete pile-up pulse amplitude recovery is achieved if the recovered pulse amplitude coincides with the reference measurement. The relative energy resolution (J" / f.1" measured in % is obtained using a Gaussian fit to both the amplitude dis- tributions. The measured reference energy resolution is 1.37 % and the recovered resolution is 1.41 %. This difference in the resolution is caused by the error propagation of the first pulses amplitude measurement into the determination of the second pulse amplitude. The same procedure as described above, is followed to study the pulse-amplitude recovery for various amplitude ratios (Ad A2)' The relative energy resolution a / J1
averaged over a range of time differences � T ' is plotted as function of amplitude ratios in fig. 7 . The black data points are the resolution values of the first pulse. The reference resolution (red points) averaged over the interval of time differences with � T ' > To = 280 ns is compared to the recovered resolution (blue points) averaged over the interval of time differences with 50 ns < � T ' < To. The maximum deviation in resolution is seen for high amplitude ratios, while for low pulse-amplitude ratios the deviation is less.
B. Simulations
In order to test the performance of the energy recovery method for all possible combinations of pulse heights, we have generated special test-data waveforms. We used the pulse function shown in equation (1), which describes the measured pulse shape:
Here, the pulse amplitude is obtained as A e-N from the parameters A and N, Bl is the baseline, 7 is the decay time, and t is the time stamp. The single pulse shape shown in fig. 8 (b) was fitted using equation (I). This function was used to introduce two additional pulses into the measured data with a time difference chosen in the interval of 50 ns < � T ' < 280 ns. In this way, we have obtained a possibility to control precisely the amplitude values of the introduced pulses, while preserving the realistic noise from the measured waveforms. An example of the simulated pulse is shown in fig. 8 (a) . The simulated waveforms were analysed by following the same procedure used for the measured data. The recov ered second-pulse energy resolution a / J1 plotted as func tion of the first and the second pulse amplitude is shown in fig. 9 . In the shown co-ordinate system, the x-axis is the 1 s t pulse amplitude, the y-axis is the 2 n d pulse am plitude and the z-axis is the energy resolution obtained for the 2 n d pulse. It is clearly seen that the energy resolu tion improves as function of the 2 n d pulse amplitude. The relative difference [(arec -are! ) /are!J between the recov ered (arec) and reference (are!) energy resolution as function of the first (1 s t ) and second (2 n d ) pulse amplitudes is shown in fig. 10 . It is seen that the resolution can be recovered very efficiently for all the combinations of the first and second pulse amplitudes in the range from 70 m V to 1100 m V. The relative difference is almost independent of the first pulse amplitude and it is inversely proportional to the second pulse amplitude. The maximum deviation is seen at the lowest pulse amplitudes, while at higher amplitude values less deviation is obtained. The results are within the PANDA EMC requirement. ) eFT signal constructed using the time-inverted data to extract the trailing edge timing for the second pulse in the pile-up structure. The linear interpolation was applied to find the zero-crossing point which defines the time stamp of the second pile-up pulse.
C. Time recovery
The time stamp of the pulse was estimated using the CFT method [8] . which is explained in equation (3) . In this method, the fraction j of the pulse amplitude is inverted and added to the pulse, which is delayed by the rise time of the pulse.
Here, I[i] is the attenuated and inverted pulse, j is the attenuation constant or fraction of the pulse amplitude, Sri] is the raw digitized data, Bl is the baseline, CFT[i] is the CFT signal, D is the time delay. The CFT method was applied for the leading edge to obtain the time stamp of the first pulse (tl), while for the time of the second (t2) pulse the same method was applied for the trailing edge. This approach implies using measured data in the time-reversed order. An example of a digitized raw pulse and the CFT signal is shown in fig. 11 (a) and (b) , respectively. In fig. 11 (b) the linear interpolation (solid red line) was applied to estimate the zero crossing point (dashed red line), which defines the time-stamp of the second pile-up pulse.
The time difference between trailing and leading edge is defined as the recovered time difference (� T). If we subtract the reference time difference (� T ' ) from the recovered time difference (� T) the resulting difference (� T -� T ' ) will be equal to the pulse width which is expected to be constant.
The pulse width as function of � T ' for different values of the eFT parameter time delay D is shown in fig. 12 . In the region � T ' > 280 ns the pulse width is constant. The region � T ' < 280 ns is the pile-up region where the measured pulse width is not constant due to the overlap of both pile-up pulses at the trailing edge. This resulting distortion is amplified by the asymmetric pulse shape. Due to this effect it is almost impossible to recover the time stamp in the pile-up regIOn.
To symmetrize the asymmetric pulse shape, we have applied the Moving Window Deconvolution (MWD) [9] filter on the digitized raw pulse. The MWD filter is expressed In equation (4).
where, M is the length of the filter, T is the decay time of the signal, and x( n) is the n-th input sample. The MWD filter differentiates the raw signal with the length of the filter (M) and compensates for the exponential decay of the signal using the decay time T. Thus, the MWD filter cancels the semi-exponential tail of the shaped pulse. The resulting pulse shape is shown in fig. 13 . A single MWD filtering can not completely compensate the tail of the pulse, as it does not have the perfect exponential behavior. After applying MWD two times, the tail at the trailing edge is still visible, hence we have applied the MWD filter three times (MWD-III). After applying MWD-III the pile-up pulses appear as two separated single pulses with a more symmetric shape. The parameter values we have used to generate the symmetric pulse shape are shown in table I.
Since the pulse shape is symmetric, we expect the measured pulse width (� T -� T ' ) to be constant. The resulting distribution of the pulse width as function of � T ' is shown in 3oo,=rI=r=I -CI=r=rICE �2:��D fig. 14 (a) . The pulse-width distribution is fitted with a Gaussian function (Red line). The obtained width (0") or the average time resolution is � 1 ns for the amplitude ratio 2. fig. 14 (a) . The pulse width is constant above � T ' = 10 ns.
The projection onto the vertical axis of fig. 14 (a) is shown in fig. 14 (b) . The width (0") of the pulse-width distribution is defined as the time resolution for the pile-up pulses. The deterioration of the time resolution is about a factor 2.
IV. SUMM ARY AND OUTLOOK
The pulse pile-up recovery method is developed and tested for the front-end electronics of the PANDA EMC. The devel oped method is efficient and easy to implement in FPGAs. It allows to recover the pulse amplitude completely with a mini mum time difference equal to the pulse rise-time. The pile-up probability of 12.9 % is reduced to 1.5 %. The simulation studies have shown that the relative difference in recovered and reference energy resolution is almost independent of the first pulse amplitude and it is inversely proportional to the second pulse amplitude. The maximum deviation is seen at the lowest pulse amplitudes, while at higher amplitude values less deviation is obtained. The eFT method is applied for the trailing edge of the pile-up pulse shape. The tail at the trailing edge plays an important role in the time recovery. The MWD filter is applied three times to remove the tail at the trailing edge and to obtain a more symmetric pulse shape. In the next step, the developed pile-up recovery procedure will be extended to cover the full dynamic amplitude range of 10000 as required for the PANDA operation. In the near future, data will be collected with a PWO crystal prototype detector array exposed to high-energy tagged photons at high rates. The measured signals will be analyzed in order to demonstrate the performance of the pile-up recovery method under realistic conditions in a wide dynamic range.
